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Abstract: For decades, the Province of Alicante, located in the Southeast of Spain, has experienced
important economic development associated with groundwater exploitation. The scarcity of superfi-
cial resources and irregular distribution in the time and space of rainfall, typical of the Mediterranean
environment, together with the extensive limestone outcrops, have made groundwater a key resource
for the area. However, insufficient knowledge about aquifers, especially the lack of precise recharge
estimates, hinders regional water management. This study establishes updated recharge estimates
and water budgets for the 200 aquifers found in Alicante, using readily usable methodologies and
available data. These are soil water budget models, groundwater flow models, water table fluctuation
methods, and spring flow analyses. The results show low mean annual values of recharge from
precipitation (69 mm/year and a coefficient of 12%) and two main differentiated domains. The first
one, in the northeast of the province, under more humid climatic conditions with larger carbonate
aquifer systems, has higher recharge coefficients, ranging from 14% to 24%, and greater resources.
For the rest of the province, where aquifers are smaller and annual averages of rainfall range between
250 and 400 mm, average recharge rates are low (9–12%).
Keywords: aquifer management; groundwater recharge; Mediterranean region; recharge coefficient;
Natural Aquifer Recharge (RENATA); Southeast Spain
1. Introduction
The search for new water resources to supply the demands of a growing global
population has significantly increased during the last few decades [1,2]. Nowadays, 20%
of the world’s population is supplied with groundwater, and there are many countries
whose principal economic activities are based on groundwater. In many cases, in arid and
semiarid areas, groundwater is almost the only water resource available, and, paradoxically,
many of these areas also show excellent conditions to develop prosperous water-dependent
activities such as irrigated agriculture or tourism [3–8].
Alicante province, in southern Spain, is one of these regions where groundwater has
been intensively used for more than sixty years. The bonanza of the climate, especially
favorable for intensive agriculture, has allowed the transformation from traditional nonirri-
gated crops to high-productivity irrigated crops. This was linked to an important change
in landscape due to the increase of cropland. This increase in agriculture began in the
middle of the last century, and, from then on, large volumes of water for irrigation have
been required. Simultaneously, the Alicante province has also experienced the emergence
of tourism. As a coastal area with a benign climate, Alicante has become one of the main
sun-and-beach destinations of Spain, which implies welcoming a high number of visitors,
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particularly during summer. Touristic activity implies an increment in urban water supply
in the coastal areas, which, in some locations, doubles the usual demand.
Although Alicante is a region with scarce water resources, its location in the semiarid
southeast peninsular, together with the lack of permanent rivers of importance, implies that
water demands cannot be satisfied with surface water, so water supply requires ground-
water exploitation. Over the years, the development of society has increased the pressure
over natural resources, which has caused numerous problems of overexploitation on many
subterranean reservoirs, with impacts such as significant decreases in piezometric levels,
the drying up of springs, effects on surface watercourses linked to groundwaters, saliniza-
tion of aquifers, and impacts on aquatic ecosystems [9–11]. However, overexploitation has
also produced economic or social impacts, such as increasing costs of water elevation and
disputes between users and water management public agencies [11].
In this context of intensive use of groundwater, some aquifers have been nearly
exhausted, leading to their abandonment or to a substantial decrease in extractions. Part of
this water has been substituted with alternative resources such as desalination, reutilization,
or water transfers. At present, 11.4% of supply comes from desalination and 11.5% from
reuse/regeneration [12–15]. Water transfers from other basins, especially for irrigation
and urban supply in the southwest of the province, is another strategy followed to satisfy
demand [16].
In this situation, where complete sustainability has not been reached and there is still
aquifer overexploitation and unsatisfied agricultural demands, climate change might have
a serious impact. Many climate models predict dramatic changes in different regions of
the planet, among which are the Mediterranean areas. It is forecasted that an increase in
temperature and a reduction in precipitation during the 21st century will affect southeast
Spain [17–19]. These changes will surely affect groundwater, and, thus, it is necessary
to improve the knowledge on aquifer budgets, especially on the recharge of aquifers, a
variable that is going to be directly affected and critical for sustainability [20–23].
These challenges are common to (semi-)arid regions, where groundwater guarantees
food and water supply even in drought periods, a key to social development and economic
growth [24]. However, while groundwater reserves in arid areas may be high and have
favored the increase of irrigation agriculture, recharge rates are low and sometimes negligi-
ble; thus, exploitation can lead to long-term water table depletion and a decrease in water
quality [25–27].
The 2030 Agenda for Sustainable Development, adopted by all United Nations mem-
ber states in 2015, provides a shared blueprint for peace and prosperity for people and the
planet, now and into the future, and urges all countries to address 17 sustainable develop-
ment goals (SDG), the 6th being to “ensure availability and sustainable management of
water and sanitation for all” [28]. In order to reach sustainability, it is required that current
tendencies are reversed, with radical changes in water policy and the implementation
of innovative governance [29]. Modern management should not only consider hydro-
logical aspects but socioeconomic constraints, having a multidisciplinary approach that
should enhance:
1. Monitoring: innovative measuring of piezometric levels, drainage flows, and extrac-
tions, which should be done with regard to stakeholders in order to achieve their
acceptability [30].
2. Local management of basins: reinforcing multi-institutional and multistakeholder
coordination [31].
3. Decision making: providing water managers with decision support systems based on
readily available indexes [27], thematic cartography [32], incorporating stakeholder
responses [33].
4. Water politics: in wide areas where resources are shared between regions under dif-
ferent administrations, especially when there are different countries involved, conflict
may arise [34,35]. Common management criteria, agreed in treaties, with govern-
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ment agencies partnering with stakeholders, would prevent “hydroschizophrenia” as
described by Llamas [36,37].
In Alicante, many water budgets were calculated in the framework of the Basin Hy-
drologic Plans [38] before 2000 and the European Union (EU) Water Framework Directive
(WFD). These budgets were not always based on specific data for each system but on
regional extrapolations that did not consider the particular conditions of each aquifer,
resulting in estimates with high uncertainty due to imprecisions in several areas such as
aquifer geometry definition or recharge. The latter is one of the main hydrogeological
problems; it is a complex function of many factors like topography, geology, soil, and
vegetation. Hence, specific studies regarding local data are required to obtain recharge
estimates and water budgets that are precise enough to advise water management.
During the last few years, recharge estimation has experienced important advances,
with an increase in methodologies, computer codes, and data availability that aim to reduce
the uncertainty of this variable [39,40]. For each case, one or several estimation methods
should be chosen with regard to objectives, spatial and temporal scales, available data,
type of aquifer, and climate. In many areas with water resource scarcity, accurate recharge
estimates are a basic requirement for sustainable water management.
This paper presents an example of assessment of recharge for the Province of Alicante
(Spain), one of the most arid regions in Europe, with high demographic pressure, that
allows us to establish accurate mean water balances for the aquifers and to quantify
overexploitation as a step to developing sustainable water management policies. Two
hundred aquifers of different nature and dimensions have been studied with different
methodologies to obtain updated mean annual recharge estimates and water budgets.
The result is a comprehensive set of figures (with water balances for each aquifer
in the region) that has been presented to and accepted by the Provincial Water Board, a
forum that includes water managers, deputies of the political parties represented in the
province, associations of users (including farmers), chambers of commerce, and academic
experts. Thus, they constitute a common ground for management and decision-making
and are accepted both by stakeholders and water managers, this being the first step to
integrated governance.
2. Description of the Studied Area
2.1. Geographical Setting
Alicante Province is located in southeast Spain between N latitude 37◦2′ and 38◦54′
and longitude 0◦16′ and 1◦5′ (Figure 1). It has a surface of 5817 km2, that is, 1.2% of the total
national territory. It is bordered in the west by the Mediterranean Sea. From a hydrologic
and administrative point of view, it is part of both the Júcar and Segura River Basins and
its hydrographic demarcations.
Regarding demography, it is the fourth most populated province in the country, with
1,838,800 inhabitants and a population density of 320/km2 [41]. Thus, water resources suf-
fer considerable demographic stress, especially in the coastal areas that are more intensely
populated. Additionally, its evolution, with a fast increase in the decade of 2000–2010,
relative stabilization until 2013, and a slow decline until today, has affected the evolution
of provincial water resources.
Alicante is characterized by a variety of orographic accidents, tightly linked to the geo-
logical events from Oligocene, when the convergence between the African and Euroasiatic
plates during de Alpine orogeny created the Betic mountain range [42–45]. In this geologi-
cal frame, controlled by compressive forces in the northwest–southeast direction, there is a
series of calcareous reliefs, highly abrupt, with west–southwest and east–northeast axes;
in between, the valleys are usually covered with marls. On the coast, influenced by the
evolution of the Mediterranean, there are detrital sedimentary basins that are particularly
extensive in the south of the province.
To aggregate and present the results of this paper, nine sectors or regions are defined,
coincident with the districts of the province, an administrative division of historical origin,
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linked to elements of physiography and hydrology shared by the municipalities that
integrate them. These districts, which have served as a frame to characterize provincial
water resources [46,47], have been tagged as the following sectors from north to south and
east to west (Figure 1): Sector I—Marina Alta; Sector II—Marina Baja; Sector III—L’Alcoiá;
Sector IV—El Comtat; Sector V—L’Alacantí; Sector VI—Alto Vinalopó; Sector VII—Medio
Vinalopó; Sector VIII—Bajo Vinalopó, and Sector IX—Vega Baja del Segura.
Figure 1. Map of Alicante, with the sectors used in this paper and their surfaces (S) in km2, coincident
with traditional administrative regions.
2.2. Climatic Setting
Generally speaking, the province of Alicante is in a typical Mediterranean climatic
area, with mild winters and marked summer drought [48–50]. It has domains that range
between semiarid and semihumid conditions. The humid temperate regimen is located in
the northern areas. On the other hand, the southern areas have a semiarid climate, leeward
of the NE winds. In both northern and central-southern areas, rainfall usually happens in
very strong events, generally in autumn and winter, causing significant floods [51–55].
Topography plays a key role in pluviometry distribution. Provincial ranges intercept
streams of air loaded with humidity, provoking rainfall. Due to the effect of mountain
landscapes, there is a double precipitation gradient, with maximum values in the northeast,
decreasing towards the south and west, and, at the same time, in the coastal areas, there is
always less rainfall than in the inland areas at the same latitude [56].
To irregular spatial distribution, the seasonality of rainfall and the fact that intense
rainfall events are frequent are added. These events are usually related to autumn con-
vective situations, associated with the formation of warm, very humid, and unstable air
masses as a consequence of the high temperature of the waters of the Mediterranean Sea
after the summer. This phenomenon is amplified by the presence of isolated depression
at high levels (DANA, is the acronym in Spanish) that is responsible for events of high
magnitude [57,58].
All these factors produce mean annual rainfalls of about 1000 mm in the northeast
(Sectors I, II, III), which decrease in the southwest towards Sectors V (L’Alacantí), VI, VII,
VIII (Vinalopó), and IX (Vega Baja), where means hardly reach 350 mm/year (Figure 2a).
Seasonal distribution of rainfall is determined by a maximum in autumn (the humid season
accumulates between 40% and 50% of total annual rainfall) that follows the minimum of
summer (of about 10% of annual rainfall).
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Figure 2. Spatial distribution of (a) mean annual p (P) in mm and (b) temperatures (T) in ◦C in
the province of Alicante from 1971 to 2000. Modified from the Climatic Atlas viewer [56]: http:
//agroclimap.aemet.es (accessed on 15 October 2021).
Temperature distribution is also conditioned by height, distance to the sea, and latitude.
Along the shoreline, temperatures are warm, while the inland climate is more continental.
Lower temperatures are registered inland (Sectors I, III, and IV), with mean annual values
under 15 ◦C. On the coast, with mean annual values of about 18 ◦C, winters show daily
mean values of 11 ◦C. Temperatures do not usually drop under 0 ◦C on the coast, while
inland, the mean daily measures for winter are relatively low, ranging between 4 and 6 ◦C.
Maximum values, with an annual mean of 18.5 ◦C, appear in the towns of the south and
decrease slowly towards the north, reaching 17.5 ◦C in Sector I (Marina Alta; Figure 2b).
Reference evapotranspiration (ETo) values are high, ranging between 900 and
1300 mm/year [56]. Higher values are concentrated in the areas of lower rainfall. This
results in higher atmospheric evaporative demands than inputs of precipitation, something
typical of semiarid regions but quite exceptional for the rest of Europe.
2.3. Hydrogeology Setting
The hydrogeology of Alicante is strongly linked to geological structures. The presence
of different geological domains that constitute the Betic range [44], together with complex
tectonics, breaks the spatial continuity of geological formations (Figure 3). The result is
strong compartmentation of permeable rock substrate and a high number of differentiated
aquifers. This study uses the latter definition of aquifers from the Water Information
System of Diputación de Alicante (DPA, Alicante Provincial Council), with a total of
200 aquifers which with water budgets have been updated, an increased number compared
with previous studies [12,46].
Water 2021, 13, 862 6 of 23
Figure 3. Map of main geological formations in the Alicante province.
The northern part of the province shows more continuous geological formations and
an abundance of permeable rocks. Some aquifers in Sectors I, II, III, and IV are quite wide
and, so, have important storage capacities. Most of the aquifers are carbonated. There are
mainly Cretaceous limestones and dolomites, but also Tertiary calcarenites and sandstones
(Figure 3).
On the other hand, in the southern areas, there is a greater presence of marly and
loamy formations and higher structural complexity, which determines smaller aquifers,
many with poor hydraulic parameters. Together with the carbonate Cretaceous and
Jurassic aquifers, there are detrital aquifers, which are smaller and have worse hydraulic
characteristics. Therefore, these southern regions have a concentration of overexploitation
problems, mainly in Sectors VI (Alto Vinalopó) and VII (Medio Vinalopó) [11,46].
Finally, it should be highlighted that the quality of provincial groundwaters for current
uses, urban supply, and agriculture is good [12,46,47,58] in many areas of Sectors I, II, III,
and IV. The abundant carbonate aquifers offer water of low mineralization and facies
types calcium bicarbonate or calcium–magnesium bicarbonate. This good quality has the
exceptions of coastal aquifers (with marine intrusion) and aquifers of meridional areas
(Sectors VI, VII, and VIII; with higher values of mineralization due to the presence of bodies
of Triassic evaporitic rocks) [59].
3. Data and Methods
3.1. Data
Recharge estimation and water balances for the provincial aquifers are based on
data from the Water Information System (WIS) of Diputación de Alicante (DPA, Alicante
Provincial Council). This system has evolved for three decades and integrates information
on virtually all provincial aquifers. Its core information is the inventory of water spots
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and monitoring networks, an extension of the original network of the Geological Survey of
Spain (IGME). An important number of these monitoring points have obtained continuous
remote measures. During 2020, about 450 remote stations were operative, receiving data
from over 5000 sensors. Stations transmit the data via radio and mobile telephony. Remote
measures are reinforced with manual gauging networks, both to check and calibrate remote
measured data and to record the data of points that are still not monitored automatically.
In this study, the data used have been mainly from piezometric, spring flow, exploita-
tion, and meteorological data networks:
(a) Piezometric network: 345 points, measuring 159 aquifers; 190 points are manual
measured, and 155 points have continuous monitoring.
(b) Spring flow gauging stations: 65 points, of which 30 are automated with continuous
level probes or flowmeters that allow the evaluation of drainage of about 30 aquifers.
(d) Exploitation network: 711 pumping wells in 111 aquifers, 48 with remote flowmeters.
(e) Meteorologic network: data of the National Meteorologic Agency (AEMET), com-
pleted with 20 automated data points from DPA.
Additionally, DPA WIS includes recharge and flow models (both results and files of
the models themselves) for a number of provincial aquifers that have been developed in
the last 15 years; these have been essential for this study.
3.2. Methods
The objective of this study is the assessment of annual mean recharge and the update
of water budgets for the provincial aquifers. These results summarize and homogenize the
results of a number of studies accomplished by DPA—using readily applicable methods
without the requirements of unavailable or difficult-to-obtain data—throughout the past
three decades [60–73]. Results are validated, to a certain extent, by the evolution of water
table levels and are presented as maps and tables, showing the relationships between
absolute recharge values and recharge rates and aquifers type and climate. These estimates
serve as a guide to provincial water management, as they are consistent and comparable
for the different aquifers.
The diversity of the aquifers themselves implies that recharge estimation cannot be
accomplished using a single methodology. For each case, with regard to availability of
data, spatial and temporal scales, aquifer type, or climatic features, the most appropriate
method was chosen (Figure 4). The methodologies used have been soil water budget
models, groundwater flow models, spring flows analysis, the water-table fluctuation
method, comparison of infiltration coefficients between similar aquifers, and combinations
of the former.
The soil water balance model has been widely used to evaluate recharge from precipi-
tation, usually combined with GIS techniques [61,62] and flow models [63]. The code used
was RENATA (“REcarga NATural de Acuíferos”, translated Natural Aquifer Recharge),
which was developed in Alicante (Spain) by DPA and IGME [74] and used on some small
karst aquifers with good results [75]. Due to its simplicity and the low number of pa-
rameters that this methodology needs, it will be used by the Spanish administration to
estimate the recharge of aquifers in the next Water Planning cycle, at least for aquifers
shared between different major basins. The greatest advantage of this code is that it allows
us to simulate recharge using some variations of the classic Thornthwaite model coupled
with a Curve Number model, which combines simplicity and reduced data requirements
with refinements of the classic model [74,76]. All the options are available in a GIS en-
vironment of discretized and distributed parameters and input data, both in space and
time. RENATA inputs include climatic data, soil parameters, and even the possibility of
introducing irrigation, if necessary. Daily precipitation and maximum, minimum, and
daily average air temperature are the basic input data required, while the parameters that
model soil are maximum available soil water content and curve number. Input data are
introduced as time series in the case of climatic data and series used for calibration, such
as observed water table levels and spring drainages, or as cartographic layers, in the case
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of climatic sectors, soil characteristics, or irrigation data. Soil parameters, which play an
essential role in recharge estimations, have been calibrated in the model using the reference
of values obtained from previous works on the aquifers or the outflows of the aquifers.
Figure 4. The diagram shows the inputs required for each of the recharge estimation methods applied.
Rectangles indicate input data, and their color, the availability for the area: always available (green);
sometimes or partially available (yellow); difficult or unavailable (red). Depending on these inputs,
different methods are chosen and results delivered.
Potential evapotranspiration (ETP or ETo) can be computed from temperature data
by any of the methods available in RENATA software (Thornthwaite, Hargreaves, Pen-
man, or Blaney-Criddle). Actual evapotranspiration and effective rainfall are computed
using potential evapotranspiration and rainfall data, either with the Thornthwaite balance
method [76] or with the improvement by G. Girard [74] (Figure 5), applying for each time
period I, the following expression:
Pi = ETRi + LLUi + ∆Ri
where Pi is rainfall (mm), and ∆Ri is the increment of soil water storage usable by plants (mm).
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Figure 5. Algorithm for soil water balance, implemented in Natural Aquifer Recharge (RENATA) software.
This formula makes the following assumptions:
ETRi ≤ ETPi
- The soil is able to store only a certain volume of water called field capacity (CC), which
depends mainly on rock type and soil depth.
- Subject to the availability of rainfall and soil water, the first priority is to meet the
needs of ETRi, up to its limit (ETPi), and then increase soil water storage up to its
maximum (CC).
- The excess water, after ETPi and CC demands are met, integrates LLUi.
The variant introduced by Girard [74] considers that excess rainfall is stored in two
soil reservoirs (Figure 6). If the volume of water stored in the previous period (Ri−1) is
less than a certain value Rmin, then the excess rainfall (EXi = Pi − ETRi) is completely
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stored (reservoir one). If Ri−1 is between Rmin and a maximum value Rmax (equal to field
capacity CC), EXi is divided into a portion to increase soil water storage (of reservoir two)
and another portion that is added to superficial runoff:
LLUi = max(Ri−1 + Pi − Rmax, 0) + ∆Ri·(2RBAi + ∆Ri·)/(2·(Rmax − Rmin))
where
RBAi = max (Rmin, Ri−1) − Rmin (1)
RHAi = min ((Ri−1 + Pi), Rmax) − Rmin (2)
∆Ri = max (0, (RHAi − RBAi)) (3)
Ri = ∆Ri + EXi − LLUi (4)
Figure 6. Conceptual model of soil for the Girard method [74].
Infiltration (INFi) and surface runoff (ESCi) are computed by decomposing effective
rainfall according to the curve number methodology of the USA Soil Conservation Service,
using the Témez approach [77].
Map algebra between the previous layers (climate, soil, and irrigation) results in an
“intersection layer”. Each intersection represents a group of cells with the same input and
parameter data. The outputs of the model are obtained for both the full aquifer extent and
each intersection. Outputs include actual evapotranspiration, infiltration, and runoff and
irrigation drainage to the aquifer.
Recharge estimates in the most extensive and complex aquifers, of which there is
usually enough information on water table levels, spring output, and pumped volumes,
have been accomplished by means of mathematical flow models. In many cases, the
recharge series obtained from the soil water budget was used as input to the flow model,
facilitating the calibration of the flow model and, at the same time, testing the suitability of
the estimated recharge series.
The models MODFLOW (the United States of America Geological Survey Modular
Ground-water Model) [78] and SEAWAT (the United States of America Geological Survey
Program for Simulation of Three-Dimensional Variable-Density Ground-Water Flow and
Transport) [79] have been used for coastal aquifers. These well-known models, developed
by the USGS, are widely used in hydrogeology to foresee the behavior of the aquifer in
terms of potential and flows. However, they can be used indirectly to estimate recharge
when accurate information about water table levels and aquifer outputs is available. The
process is based on the calibration of recharge values with the model until it reproduces
correct piezometric-observed changes. There have been multiple studies that have used
this methodology to estimate recharge in several hydrogeologic contexts, both directly [80]
or coupled with other models [81–83].
For those aquifers without enough geometric information or data to build distributed
soil water budgets or flow models, but with some water table level measurements and
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exploitation data, different versions of the water-table fluctuation method (WTF), a simple
method that has been widely used to estimate recharge [84–86], have been used. This
method is based on the premise that water table level increases are due only to the input of
recharge, which causes an increase in water storage in the aquifer. This is, in fact, a way
to formulate the continuity equation I − Q = ∆S, where I represents the inputs that are
equal to recharge plus lateral subterranean inflows, Q are the outputs (due to pumping and
natural discharges) and ∆S storage variations, all referring to a time interval. Ultimately,
it is about establishing a balance of inputs, outputs, and storage variation, based on the
available data. The application of the method has presented particularities in each aquifer,
depending on the different availability of information.
The analysis of discharge by springs has been the methodology used in karst aquifers
whose springs are controlled. The use of transfer models (rainfall–ground flow) based on
the operation of two modules or reservoirs (one for the unsaturated zone and the other for
the saturated zone) allows us to obtain a function to simulate flows from the input of rain.
Finally, the application of the different methodologies described has allowed the
determination of infiltration coefficients for most aquifers, which have been extrapolated
to complement the WTF method for the aquifers for which little information is available.
4. Results
As stated before, recharge estimates are the result of different studies and different
methodologies, homogenized by the use of data from the same networks and a common
approach to defining concepts and methodologies. The most trustworthy results prob-
ably come from coupling a recharge model with a groundwater model, calibrated with
piezometric evolutions, as all the elements of balance have to be taken into account and are
consistent among them.
Figure 7 shows a typical example of the kind of fitting achieved in these models [60],
after considering, as in the case of the Orba aquifer, climatic and river flow data, extractions,
piezometric levels, and the remaining available hydrogeological data (e.g., geometry,
parameters). These good results result in consistency between the conceptual model and
the balance components.
Figure 7. Simulated levels (continuous line) vs. observed levels (red dots) for some wells of the Orba aquifer in Alicante.
From [60].
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In those cases where there is not enough data, and more simplified methods such as
the water transfer fluctuation or the transfer models are used, good correlations are also
found [60,69] between simulated and measured (Figure 8) data; however, the possibilities
of misrepresenting some balance components are higher.
Figure 8. Simulated levels (continuous line) vs. observed levels (red dots) for some wells of the Orba aquifer in Alicante.
From [60].
Recharge could be defined, in general terms, as the process of input of water into
an aquifer from outside the contour that limits it, reaching the saturated zone and be-
coming part of groundwater storage [87,88]. Recharge from precipitation, intermittent
flow in riverbeds, excess in irrigation, and leaks in urban areas have been considered
in the models of previous studies that substantiate the water balances presented in this
paper [12,47,59,60,64–73,75]. For semi(-arid) zone recharge, especially in mountainous ar-
eas such as the province of Alicante, infiltration from precipitation is usually the main
cause of water entry into the aquifers; since it occurs over vast areas of land, even a low
precipitation recharge rate can still provide large volumes of water. In the case of Alicante,
the results show that direct recharge from precipitation accounts for more than 70% of the
total recharge of aquifers.
As is foreseeable, infiltration has shown a strong correlation with the exposure of
permeable rocks and soils on the surface. Broadly speaking, the surface of permeable
outcrops occupies a total of 3600 km2, 61.2% of the provincial surface, from which 1228 km2
show high or very high permeability, 652 km2 have medium permeability, and 1720 km2
have low permeability. The remaining surface area (2280 km2), up to 5880 km2 of total
provincial surface, is occupied by practically impermeable materials (Figure 4).
The more significant permeability areas are mainly related to reliefs constituted by
Cretaceous and Tertiary carbonate rocks in Sectors I, III, and VI (Marina Alta, El Comtat,
and Alto Vinalopó). Other carbonate massifs, located in other sectors of the province, also
show areas of high permeability. On the contrary, areas with lower permeability are related
to outcrops of Tertiary marly rocks, extensively present in the northern part of the province,
and Triassic Keuper facies. Additionally, different detrital formations in the south show
low permeability values, reflecting rather poor hydraulic characteristics.
It should be stated that the permeability values that have been used are qualitative
and derived from the lithology of the substrate, as mapped in geological cartography,
rather than values obtained from infiltration tests in the field. This approach was used
after considering the availability of data, the correlation that exists between bedrock
and the soil it develops, and the low level of thickness that soils have in this region,
especially over permeable rocks that outcrop mountainous areas. Comparing Figure 9
versus Figures 10 and 11, a good correlation between this qualitative permeability mapping
and the recharge mapping is observed.
Water 2021, 13, 862 13 of 23
Figure 9. Permeability of the substrate in the Alicante province.
Figure 10. Distribution of annual mean recharge from precipitation for the aquifers of Alicante.
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Figure 11. Distribution of recharge rates for aquifers of Alicante.
The application of different methodologies to the 200 provincial aquifers has allowed
us to establish the different magnitudes of the balance. Special attention has been paid to
recharge from precipitation over the outcrops of the aquifers due to both its quantitative rel-
evance and the fact that it can be extrapolated and compared with other regions (Table S1).
Recharge values range between 10 and 300 mm/year. Most of the provincial aquifers
(94) show mean recharge values of under 50 mm/year (Figure 12), while 55 aquifers have
values between 50 and 100 mm. This means that approximately 75% of the aquifers in
the area are recharged by less than 100 mm per year. Only 20 aquifers have inputs over
200 mm/year, that is, approximately 5% of the aquifers of the province.
Figure 12. Histograms for the studied aquifers of (a) mean annual recharge from precipitation (mm) and (b) recharge from
precipitation coefficients (%).
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Regarding the spatial distribution of recharge from precipitation in the province of
Alicante, the highest values, between 200 and 300 mm/year, are reached on some carbonate
outcrops from the Cretaceous period in the mountains of Sector I (Marina Alta), east of
Sector IV (El Comtat), and north of Sector II (Marina Baja) (Figure 10). These sectors also
have a concentration of most of the recharge areas with between 50 and 200 mm/year from
precipitation. The rest of the province, with more than two-thirds of the provincial surface,
presents recharge values from precipitation of under 50 mm/year.
The provincial average rate of recharge from precipitation is 12% of total precipitation,
which represents an average recharge of 69 mm/year (Table 1). The sector in which the
highest recharge rate occurs, 24%, is Sector I (Marina Alta), that is, 189 mm/year, which
is a value well above the rest. However, there are several aquifers where the recharge
coefficients range between 30% and 40% (Figure 11). The humid character of this region,
with provincial rainfall maximums, together with a predominance of carbonate aquifers
with strongly karstified outcrops, explains the high recharge rates.
Table 1. Weighted averages of recharge from precipitation expressed as mean annual millimeters
(mm) and recharge rates (in %) for different sectors in the province of Alicante.
Sector Mean Recharge(mm) Recharge Rate (%) Number or Aquifers
I Marina Alta 189 24 25
II Marina Baja 90 14 36
III L’Alcoià 62 12 25
IV El Comtat 56 9 32
V L’Alacantí 27 6 25
VI Alto Vinalopó 47 10 18
VII Medio Vinalopó 30 9 30
VIII Bajo Vinalopó 22 7 3
IX Vega Baja 27 9 6
Total 69 12 200
Sectors II (Marina Baja), III (L’Alcoiá), IV (El Comtat), and VI (Alto Vinalopó) have aver-
age rates ranging between 9% and 15%, with average recharges between 47 to 90 mm/year.
Meanwhile, the rest of the sectors show recharge rates between 6% and 10% and average
values of 33 mm/year.
However, throughout the province, regardless of their climatic location, there are
aquifers with recharge rates between 10% and 40% of total precipitation, which are prefer-
entially related to aquifers of a carbonate nature; percentages below 10% are associated
with detrital and Tertiary aquifers of medium and low permeability.
Finally, Table 2 synthesizes the results of water budgets for all provincial aquifers
(aggregated for the different sectors). It specifies the different annual average input and
output volumes for all the aquifers of each sector. Among the inputs are recharge from
precipitation (RP) and recharge from intermittent flow in riverbeds (IF). In addition, there
are returns (RT) from irrigation and urban networks, namely, volumes of irrigation water
that are not used by the plants and have reached the aquifer, and, to a lesser extent, leaks
in distribution and sanitation networks. The estimation of the latter is still uncertain,
although they are relatively low volumes compared to total recharge. Finally, and for
balance purposes, the table includes as inputs the groundwater flows between adjacent
connected aquifers (GF).
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GF 4 Total P 5 NO 6 Total Balance
RP 1 IF 2 RT 3
I Marina Alta 170.3 10.0 18.2 24.1 222.6 56.3 166.3 222.6 0
II Marina Baja 38.5 0.4 2.4 3.8 45.0 18.6 26.5 45.0 0
III L’Alcoià 27.8 0 0 1.0 28.8 14.1 15.3 29.4 −0.6
IV El Comtat 12.0 0.2 0 3.9 16.1 7.0 10.5 17.5 −1.4
V L’Alacantí 7.6 0.2 4.7 0.3 12.8 5.7 7.0 12.8 0
VI Alto Vinalopó 30.8 4 3.9 0.6 39.2 56.1 2.0 58.1 −18.9
VII Medio Vinalopó 20.2 1.1 1.0 0.4 22.7 24.0 4.8 28.8 −6.1
VIII Bajo Vinalopó 2.2 0 0 0 2.2 0.3 1.9 2.2 0
IX Vega Baja 29.3 0 36.1 12.0 77.4 17.0 61.6 78.6 −1.2
1 RP: recharge from precipitation. 2 IF: recharge from intermittent flow in riverbeds. 3 RT: returns from irrigation and urban networks. 4 GF:
lateral groundwater inflows. 5 P: pumping. 6 NO: natural output.
Regarding the outlets, at present, most of the outputs from the provincial aquifers are
produced by pumping wells (P). However, there are still, albeit to a lesser extent, outflows
through riverbeds and springs, which include outflows through springs, drains, wetlands,
and diffuse outlets, the latter being small upwellings, without sufficient entity to locate
them at a specific point. Lastly, there can be lateral flow to other aquifers or the sea. These
springs, riverbeds, or subterranean outflows have been grouped under the denomination
of natural outlets (NOs).
Results at the regional level show the importance of infiltration from precipitation
compared to other types of recharge. The provincial average percentage is 72.6%, varying
between 100% (Sectors III (L’Alcoiá) and VIII (Bajo Vinalopó)) and 37.9% (Sector IX (Vega
Baja)), largely due to the fact that most aquifer permeable outcrops are of fractured or
karstified rocks that favor direct infiltration. It is also significant that there are small
magnitudes associated with recharge from losses in river courses, always lower than
10% and mostly below 5%, as an effect of the lack of permanent watercourses, the high
permeability of mountainous areas, and the irregularity of flows that appear in fast flood
events. Finally, the recharge associated with the return of irrigation or losses in urbanized
areas is only important in those southern sectors of the province where agricultural areas
occupy large extensions of land.
Regarding the provincial water balance, groundwater resources present a total average
deficit of 28.2 hm3/year. This situation of water deficits has been highlighted for a long
time [74], although all data have indicated that this deficit has been reduced considerably
compared to past decades.
5. Discussion
From the point of view of water resource management, it is essential to assess what
part of precipitation is available for regulation and use, either in rivers or as groundwater.
Precise quantification of available water is even more necessary in dry Mediterranean re-
gions with scarce resources, heavily dependent on groundwater. The province of Alicante,
together with the rest of the southeast peninsular territory, is in the region with the least
available water resources in the entire European Union, also surrounded by a large area
with remarkably low availability of water compared to the rest of the European environ-
ment and under an uncertain future due to climate change [19,20,31,57]. This situation
of water deficit reaches its maximum towards the south of the province and decreases
progressively towards the north and linked to solar insolation and the thermal regime.
Water 2021, 13, 862 17 of 23
However, the quantification of groundwater resources depends on the assessment of
recharge, which is not always straightforward [75,88–90].This task is especially complex
and prone to uncertainties when it comes to relatively large areas with a significant number
of groundwater systems. This is the case of Alicante, where there have been 200 aquifers de-
fined with varied characteristics and dimensions, with different hydrodynamic evolutions,
and located in different climatic conditions.
Good monitoring networks for hydrodynamic and climatic variables, like the one
kept by DPA and other public administrations in the province of Alicante, are essential for
obtaining data and information about the behavior of recharge to the aquifers.
Furthermore, these data are key for the assessment of recharge, with different esti-
mation methodologies. Figure 13 shows the methods applied in this study to evaluate
recharge, both by the number of aquifers and by total aquifer surface. It should be noted
that the method used for most of the provincial aquifers (66%) has been the water table
fluctuation method, followed by flow models (19%) and soil water budget recharge models
(8%). In 5% of aquifers, estimation of the recharge was carried out through the combined
use of a soil water budget recharge model and a flow model. The reason that the WTF
method is the one most used is that it requires a reduced amount of input information
and does not require continuous time series for decades. However, when Figure 13b is
observed, it can be seen that for most of the surface covered by aquifers in the province
(72%), either flow or recharge models, or a combination of both, have been used. The
main advantage of combining several methods is that the estimated magnitude shows less
uncertainty [39,40,91]. These figures show that the estimates of recharge for the largest
aquifers and, consequently, those with greater resources are more robust compared to
those for the smaller aquifers with less potentiality as water sources. Consequently, nearly
three-quarters of the extension of Alicante aquifers has been modeled with flow or soil
water budget models, or both, to obtain balances and recharge from precipitation. For the
rest, balances were completed through the study of relationships between inputs, outputs,
and storage variation (WTF method) and analysis of discharges by springs, especially in
those aquifers that do not have pumping.
Figure 13. Methodologies used for the estimation of recharge by number of aquifers (a) and aquifer surface (b).
These results may be subject to some criticism due to the lack of efficiency coefficients
to test the predictive skill of the hydrological models used. This kind of analysis, which is
quite complex as it deals with a large number of aquifers and different kinds of models,
exceeds the scope of this paper; nevertheless, it points the way for future research.
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Nonetheless, there are reasons to trust the results, at least the mean annual values.
First, the use and comparison of the data with water table levels by Diputación de Alicante
were on a continuous basis, and no important deviations were found in the general trends.
In addition, there have been comparisons with alternative estimates performed with the
models of the River Basin Authorities (RBAs). Although results are not directly comparable
because there is no direct correlation between aquifers and the groundwater-bodies concept
used by RBAs after the Water Framework Directive [92], the output values of the balance
for the province differed by less than 10% [93].
The updated recharge data have been the basis for elaborating the maps shown in
the previous section, which allow us to picture how values and rates change in the region
and, therefore, analyze the key factors that determine recharge. Although recharge is a
complex process dependent on a multitude of factors, results indicate that precipitation and
lithology are the two factors that have the greatest influence on the recharge distribution
pattern in the province of Alicante. Thus, as can be seen in Figures 10 and 11, it is in
the northern sectors (those with the highest rainfall and occurrence of carbonate aquifers,
including the larger ones) that the highest recharge rates are achieved. The value of the
Pearson correlation coefficient between the mean annual precipitation values for each
outcrop and its rate of recharge rate is 0.59. Between the lithologies presented in Figure 3
and the percentage recharge rates, the value of the correlation coefficient drops to 0.16.
In other words, the rate of recharge (as a percentage) is significantly correlated with the
total volume of precipitation but is also influenced by other factors that highlight the
lithology/permeability of the substrate.
The number of rainy events and their magnitude (greater in the north of the province
due to the pattern of provincial precipitation, where orographic effects caused by the
reliefs that act as an obstacle to atmospheric circulation), together with the abundance of
carbonate rocks with high permeabilities in the reliefs of this region, are responsible for the
higher recharge rates. The influence of episodes of intense rain, frequent throughout the
Mediterranean arc, must also be highlighted as it significantly contributes to increasing
recharge in all provincial aquifers. The contribution of these intense precipitations to
recharge is more significant to the percentage of recharge in the southern aquifers.
The recharge from precipitation is predominantly diffuse for practically all carbonate
rock outcrops, with the exception of the northern sectors, in which the development of
epikarst (somewhat higher, carbonate rocks) usually outcrop bare or with little ground
cover, and there is a reduced development of exokarst morphologies. Additionally, the
intense tectonic in the region is responsible for the intense fracturing of carbonate massifs,
favorable to recharge, as it increases secondary permeability.
The rest of the inflows, such as infiltration from riverbeds or irrigation returns, have
a more local character. The small number and entity of rivers in the region determine
that there are streams flowing over permeable lands and increasing recharge only in some
sectors, which is what usually happens to detrital aquifers.
Superficial flow is stational and scarce, and, thus, there is a small number of dams in
the province. The storage capacity of artificial reservoirs in Alicante is only 0.56% of the
total capacity in Spain [94]. The La Pedrera dam, which has 80% of the total storage capacity
of the province, together with the Crevillente dam, regulates water from the Tajo-Segura
transfer but do not receive natural runoff. The Amadorio [94], Beniarrés, and Guadalest
reservoirs basically receive water from springs, and the latter is filled with pumped water
from wells in drier periods. Therefore, the impact of these dams on recharge is negligible.
In the north of the province, the Isbert dam, built on the permeable outcrop of the Mediodía
aquifer, increases recharge that naturally occurs from the riverbed [72], something included
in the balance for Sector I (Table 2).
In Sectors IX and III, where intensive agriculture is present, there are significant
irrigation returns to detrital aquifers.
The physical and climatic characteristics of the province of Alicante determine a low
average recharge rate (12%) from total rainfall. This value is typical of semiarid areas and
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is within the range of values found for some aquifers in this and other regions with similar
characteristics [91,95–98]. This explains why the entries in many of the provincial systems
have been unable to balance the intensive extractions that have taken place for decades,
especially in Sectors IV, VI, and VII. The final result is that the province of Alicante presents
a balance deficit, and almost all sectors present problems related to overexploitation.
6. Conclusions
Alicante Province has experienced important economic development due to its trans-
formation from rainfed to irrigated agriculture, as well as to an increase in tourism and
industry. Groundwater has been a basic resource of water supply for these activities.
Regarding hydrogeological features in the province, most of the aquifers are carbon-
ated, mainly Cretaceous limestones and dolomites. There are also some detrital aquifers;
however, not only is their extension small, but they also have worse hydraulic characteris-
tics and, in some cases, poor quality water. Broadly speaking, the northeast and southwest
areas of the province are two differentiated domains. The first one has larger carbonated
aquifer systems under more humid climatic conditions, with average annual rainfall rang-
ing between 500 and 900 mm. Thus, aquifers have significant recharge rates and greater
resources. On the other hand, in the southwest, where the carbonate aquifers are smaller
due to high tectonic compartmentalization, with annual rainfall averages ranging between
250 and 400 mm, recharge rates are low and resources are scarce. Therefore, the main
overexploitation problems are concentrated in these areas, specifically in the basin of the
river Vinalopó.
Accurate aquifer balances and, especially, good recharge estimates are required for water
management. This study updates the water balances of 200 aquifers defined in Alicante,
accomplished by a combination of methodologies, where soil water and groundwater flow
models stand out if there are enough data available. Though these balances appear to fit well
into the general trends of aquifer level evolution, further research has to be done to assess the
accuracy of the predictive models to avoid misrepresentation of some balance components.
The primary source of recharge (72.6% of the total) is direct infiltration from rainfall.
The results show a strong correlation between the values of this direct recharge from
precipitation and total average rainfall and, to a lesser extent, lithologies. The average
recharge rate for the aquifers of Alicante is 12%, ranging between maximum values of
almost 40% in the northeast to values of 5–6% in the southwest. Therefore, if recharge
rates have to be estimated from limited small sets of data in similar areas, the amount of
precipitation and its structure are the most important factors to account for. The absolute
average recharge amount for Alicante is 69 mm, with maximums of about 300 mm and
minimums of 10 mm.
Total provincial input is currently estimated to be about 445 hm3/year, with a dif-
ference between inputs and outputs of 28.2 hm3/year on average. This means that the
moderate-to-small recharge rates are incapable of balancing the intensive extractions that
have taken place for decades.
Availability of precise and updated recharge estimates for the whole province is of
crucial importance for water managers to design policies and strategies to achieve sustain-
ability. However, management should consider not only hydrology but also socioeconomic
constraints and multi-institutional and multistakeholder interactions or conflicts. Dis-
cussion towards consensus requires common data that are easily understood by all the
stakeholders. Readily available aquifer budgets and recharge maps for a whole region, pre-
sented homogeneously by institutions such as Diputación de Alicante and the University,
may constitute this common ground for water governance.
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